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ABSTRACT 24 
The genomes of most motile bacteria encode two or more chemotaxis (Che) 25 
systems but their functions have been characterized in only a handful of model systems. 26 
Azospirillum brasilense is a motile soil alphaproteobacteria able to colonize the 27 
rhizosphere of cereals. In response to an attractant, motile A. brasilense cells transiently 28 
increase swimming speed and suppress reversals. The Che1 chemotaxis pathway was 29 
previously shown to regulate changes in the swimming speed but it has a minor role in 30 
chemotaxis and root surface colonization. Here, we show that a second chemotaxis 31 
system, named Che4, regulates the probability of swimming reversals and is the major 32 
signaling pathway for chemotaxis and wheat root surface colonization. Experimental 33 
evidence indicates that Che1 and Che4 are functionally linked to coordinate changes in 34 
the swimming motility pattern in response to attractants. The effect of Che1 on 35 
swimming speed is shown to enhance the aerotactic response of A. brasilense in 36 
gradients, likely providing the cells with a competitive advantage in the rhizosphere. 37 
Together, the results illustrate a novel mechanism by which motile bacteria utilize two 38 
chemotaxis pathways regulating distinct motility parameters to alter movement in 39 
gradients and enhance the chemotactic advantage.  40 
 41 
IMPORTANCE Chemotaxis provides motile bacteria with a competitive advantage in 42 
the colonization of diverse niches and is a function enriched in rhizosphere bacterial 43 
communities, with most species possessing at least two chemotaxis systems. Here, we 44 
identify the mechanism by which cells may derive a significant chemotactic advantage 45 




 Bacterial chemotaxis provides a competitive advantage by guiding motile cells in 49 
gradients of chemoeffectors toward environments that support growth and metabolism. 50 
Chemotaxis contributes to the establishment of various associations of bacteria with 51 
eukaryotic hosts (mammals, insects, and plants) and promotes virulence, symbiosis and 52 
the establishment of microbial communities (1).  Bacterial chemotaxis and motility are 53 
widespread traits encoded in the genomes of bacteria inhabiting diverse environments 54 
and these functions are specifically enriched in microorganisms found in soils (2), 55 
suggesting that they provide a significant competitive advantage in this environment. 56 
Consistent with these findings, comparative genome analyses of chemotaxis in diverse 57 
motile bacteria suggested that most bacteria possess two chemotaxis systems and soil–58 
dwelling bacteria have often more than two chemotaxis systems (3). 59 
 The molecular mechanism of chemotaxis signal transduction has been deciphered 60 
in most detail in the model organism, Escherichia coli, which possesses a single 61 
chemotaxis system. In E. coli, the chemotaxis signal transduction pathway consists of 62 
membrane bound receptors clustered in dense arrays at the cell poles where their C-63 
terminal domains associate with cytoplasmic CheA kinase and the CheW scaffolding 64 
protein. When stimulated by a repellent, CheA autophosphorylates on a conserved 65 
histidine residue (H48) using ATP and transfers its phosphate to the aspartate residue 66 
(D57) of CheY (1).  Phospho-CheY binding to flagella motors with high affinity triggers 67 
a switch in the direction of flagella motor rotation from counterclockwise to clockwise. 68 
This event causes a change in the swimming direction of the cell, or a tumble (1). A 69 
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phosphatase, CheZ assists signal termination by acting on phospho-CheY (1). In addition, 70 
a receptor-specific methyltransferase, CheR and a receptor-specific methylesterase CheB 71 
activated by phosphotransfer from phospho-CheA, differentially methylate the receptors 72 
to reset sensitivity (1). This basic set of chemotaxis proteins comprises a signaling 73 
pathway that is generally conserved across bacterial species (3). However, there are 74 
notable exceptions to this paradigm such as the absence of CheB and CheR in some 75 
species, the existence of multiple CheY response regulators in others or the presence of 76 
ancillary chemotaxis proteins not found in E. coli (1). Another variation on this theme is 77 
the presence of multiple chemotaxis pathways in the genome of most motile bacteria (3). 78 
Some of these additional chemotaxis pathways regulate type IV pili-dependent motility 79 
or alternative cellular functions (ACF) and they can be identified due to their unique 80 
structure (3). Most chemotaxis pathways found in bacterial genomes are predicted to 81 
regulate flagellar motility patterns. The contribution of multiple chemotaxis systems to 82 
the regulation of changes in the swimming direction was demonstrated in some species. 83 
For example, in Rhodobacter sphaeroides, two chemotaxis systems together control the 84 
probability of stops in flagellar rotation (4). 85 
Azospirillum brasilense is a motile soil bacterium that inhabits the rhizosphere of 86 
diverse plant species. A. brasilense cells swim using a single polar flagellum and change 87 
swimming direction when the direction of flagellar rotation briefly reverses, causing 88 
cells’ movement to be re-directed in a different direction (5). In addition to regulating the 89 
probability of swimming reversals, motile A. brasilense cells navigating an attractant 90 
gradient can transiently increase swimming speed (6). The available genome sequence of 91 
A. brasilense indicates the presence of four distinct chemotaxis operons, three of which 92 
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(Che1, Che2 and Che3) are also encoded in the genomes of all Azospirillum strains 93 
sequenced to date as well as in the genome of the closely related Rhodospirillum 94 
centenum (7-10), suggesting they were present in the last common ancestor of these two 95 
genera (Fig. 1). The chemotaxis pathway that regulates transient increases in swimming 96 
speed in response to attractants has been identified as Che1 (6). The existence of a 97 
distinct pathway for controlling swimming reversals comes from the observation that 98 
inactivation of cheB1 or cheR1 impaired the ability to regulate the probability of 99 
swimming reversals but not mutations in either che1, cheA1 or cheY1 (11). These data 100 
were interpreted to suggest that Che1 functionally interacts with the unidentified pathway 101 
controlling the probability of swimming reversals (6). However, the chemotaxis 102 
pathway(s) responsible for controlling changes in the direction of flagellar rotation to 103 
trigger reversals is not yet known. The role of Che2 in A. brasilense is unknown but it is a 104 
homolog to the Che2 operon controlling flagellar biosynthesis in R. centenum (10). In A. 105 
brasilense, che2 does not appear to be expressed under standard laboratory conditions 106 
(Xie and Alexandre, unpublished). Che3 is a chemotaxis-like ACF pathway that was 107 
recently implicated in the control of flocculation in A. brasilense (12). 108 
Che4 is present in the genome of all Azospirillum strains sequenced to date, but 109 
absent from the R. centenum genome. In R. centenum, the Che1 chemotaxis system 110 
controls all chemotaxis responses (13) in contrast to its homolog in A. brasilense (Che1) 111 
that controls swimming speed and has only a minor role in chemotaxis. The Che4 system 112 
is thus the most likely candidate for controlling the probability of swimming reversals in 113 
this species. Here, we show that Che4 is essential for all chemotaxis responses in A. 114 
brasilense and for competitive wheat root surface colonization. We demonstrate that the 115 
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signaling output from Che4 directly modulates the probability of reversals and that 116 
signaling from Che1 and Che4 is integrated during chemotaxis to produce an enhanced 117 
response to attractants. These results illustrate a novel mechanism by which motile 118 
bacteria utilize two chemotaxis pathways regulating distinct motility parameters to alter 119 
movement in gradients and to increase their chemotactic advantage.  120 
 121 
MATERIALS AND METHODS 122 
Bacterial Strains and Growth Conditions. Bacterial strains used in this study are listed 123 
in Table 1. The A. brasilense strains were grown at 28°C with shaking (200 rpm). The 124 
MMAB (minimal medium for A. brasilense) medium was prepared as described 125 
previously (14, 15). Cells were induced for nitrogen fixation by first growing them in 126 
MMAB followed by three to four washes of the cell pellet in sterile chemotaxis buffer 127 
(10 mM phosphate buffer [pH 7.0], 1 mM EDTA) (11) by centrifugation. The pellet was 128 
then re-suspended in MMAB lacking any nitrogen source. Nitrogen fixation was induced 129 
by growth under these conditions overnight at 28°C and without shaking to ensure low 130 
aeration conditions. All culture stocks were routinely maintained on tryptone-yeast (TY) 131 
medium (per liter, 10 g bacto tryptone, 5 g yeast extract) or MMAB solidified with 1.5% 132 
(w/v) agar. Antibiotics for A. brasilense were added at the following final concentrations: 133 
ampicillin (200 μg/ml), chloramphenicol (20 μg/ml), kanamycin (30 μg/ml), gentamycin 134 
(20 μg/ml) and tetracycline (10 μg/ml).  135 
 136 
Mutagenesis. To construct a strain deleted for the cheA4 gene, a 843 bp upstream 137 
fragment including 126 bp of cheA4 and a downstream 825 bp sequence including 232 bp 138 
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at the 3’ end of cheA4 were PCR amplified using cheA4Up-F, cheA4Up-R, cheA4Dwn-F 139 
and cheA4Dwn-R (Table S1). These primers were engineered to include 5’ XbaI 140 
(cheA4Up-F) and 3’HindIII (cheA4Dwn-R) restriction sites for cloning into pUC19 as 141 
well as BamHI sites (present at the 5’ end of cheA4Up-R and at the 3’ end of cheA4Dwn-142 
F) to permit subsequent insertion of a gentamycin resistance (Gmr) cassette isolated from 143 
p34S-Gm by BamHI restriction digestion (Table 1). After verification by sequencing, the 144 
ΔcheA4::Gmr region present on the pUC19 vector was isolated by restriction digestion 145 
with XbaI and HindIII and inserted into the suicide vector pSUP202 (Table 1), digested 146 
with the same enzymes, yielding pSUPΔcheA4::Gmr. The pSUPΔcheA4::Gmr vector was 147 
transformed into E.coli S17-1 for biparental mating with strains A. brasilense Sp7 and its 148 
ΔcheA1 mutant derivative for allelic exchange, as previously described (15). For 149 
constructing a mutant lacking cheY4, an upstream fragment encompassing the first 6 bp 150 
of cheY4 and an additional 577 bp of upstream DNA sequence as well as a downstream 151 
fragment including the last bp of cheY4 and an additional 584 bp downstream of the stop 152 
codon were amplified using the primer pair cheY4Up-F and cheY4Up-R and cheY4Dwn-F 153 
and cheY4Dwn-R (Table S1) which were designed to include restriction sites to facilitate 154 
cloning into EcoRI and HindIII digested pUC19 vector. The fragments were also 155 
engineered to include a BamHI site for insertion of a chloramphenicol cassette isolated 156 
from a p34S-Cm BamHI-digested vector. The cheY4 deletion insertion construct in 157 
pUC19 was verified by sequencing. The sequenced verified fragment was isolated by 158 
digestion with EcoRI and HindIII and cloned into the pKGmobGII suicide vector to yield 159 
pKGΔcheY4::Cmr (Table 1).  The latter was transformed into E.coli S17-1 cells and 160 
transferred into A. brasilense Sp7 or its ΔcheY1 mutant derivative by biparental mating 161 
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for allelic exchange, as described above. Strains carrying appropriate deletions were 162 
verified by PCR. To construct a strain deleted for most of the che4 sequence, we first 163 
used PCR amplification of a 698 bp fragment encompassing the first gene of the che4 164 
cluster (Fig. 1) and upstream DNA sequence using che4Up-F and che4Up-R (Table S1) 165 
and a 722 bp fragment overlapping the last gene of che4 (Fig. 1) and including additional 166 
downstream DNA sequence using che4Dwn-F and che4Dwn-R (Table S1). The primers 167 
che4Up-R and che4Dwn-F were designed to include 12 bp of overlapping DNA sequence 168 
that were used in a second round of SOE PCR (16) to produce a 1420 bp fusion product 169 
between the upstream and downstream PCR fragments. The 1420 bp product was 170 
restriction digested with PstI and XbaI, which were engineered in the che4Up-F and the 171 
che4Dwn-R primers, respectively (Table S1), and cloned into pUC19. The fusion 172 
construct cloned in pUC19 was further digested with SalI in order to insert a SalI-173 
digested gentamycin resistance cassette isolated from the p34S-Gm vector (Table 1) and 174 
yield a Δche4::Gmr construct cloned in pUC19. After verification by sequencing, the 175 
Δche4::Gmr region was isolated as a PstI and XbaI fragment which was then cloned into 176 
the suicide vector pSUPPOL2SCA (17). The suicide vector carrying the che4 deletion 177 
insertion construct was transformed into E. coli strain S17-1 followed by allelic exchange 178 
after transfer to A. brasilense wild type strain Sp7 and its Δche1 mutant derivative by 179 
biparental mating, as described above.  Mutants carrying the correct deletion insertions 180 
were identified by PCR.  181 
 182 
Complementation and site-specific mutations of cheA4 and cheY4 genes. Functional 183 
complementation of the mutant phenotypes was carried out by expressing the parental 184 
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genes or mutated alleles in trans, from the broad host range pRK415 vector (Table 1). 185 
The genes were cloned in-frame and downstream of the plasmid-born lac promoter with 186 
engineered restriction sites and a ribosome binding site to ensure expression (Table 1)(6). 187 
Each gene was amplified from the genomic DNA of the wild type strain, using a set of 188 
forward and reverse primers that are listed in Table S1. The genes coding for the kinase 189 
inactive CheA4H54Q and the inactive CheY4D57N were synthesized by Genscript 190 
(Genscript, Piscataway, NJ) and cloned into pUC57 between EcoRI and HindIII sites.  191 
The cheA4 and cheY4 inserts were sub-cloned into pCR2.1 by TOPO cloning according 192 
to the manufacturer’s instructions (Invitrogen, CA) for verification by sequencing, 193 
followed by digestion with EcoRI and HindIII to isolate the sequence-verified genes. The 194 
isolated DNA fragments were cloned into the pRK415 vector.  Recombinant plasmids 195 
were isolated from transformed E. coli TOP10 cells, prior to being transferred into E. coli 196 
S17-1 for biparental mating with A. brasilense recipient strains, as described above. An 197 
empty pRK415 vector was transferred to A. brasilense Sp7 and its mutant derivatives to 198 
be used as controls.  199 
 200 
Behavioral assays. For the capillary assay for aerotaxis, cells were grown to an OD600 of 201 
0.4-0.6 (exponential phase of growth) in MMAB supplemented with malate (10 mM) and 202 
ammonium (18.7 mM). Cultures were adjusted to an equivalent number of cells 203 
(estimated via OD600 measurements) by dilution in chemotaxis buffer. The cells were 204 
gently washed three times with chemotaxis buffer by low speed centrifugation and re-205 
suspended in 100 µl MMAB containing malate (10 mM). All cells remained motile under 206 
these conditions. Cells were transferred to an optically flat capillary tube (Vitro 207 
  10
Dynamics, Inc., Rockaway, N.J.) by immersing a capillary tube into the cell suspension.  208 
Aerotaxis was visualized under the light microscope as the formation of a stable band of 209 
motile cells at a distance from the air-liquid interface (meniscus). An aerotaxis band 210 
typically forms within 2-3 minutes and is stable for a minimum of 25 minutes under these 211 
conditions (18). The assay was performed in triplicate using independent cultures. Images 212 
were captured using the 4X objective of a phase contrast Nikon E200 microscope via a 213 
C-mounted Nikon Coolpix digital camera. 214 
 For chemotaxis in a spatial gradient, soft agar plates were prepared using MMAB 215 
solidified with 0.3% agar and supplemented with malate (10 mM) and ammonium 216 
chloride (18.7 mM). Cells were grown as indicated above for aerotaxis and the cell 217 
suspensions were adjusted to an equivalent number of cells, estimated by OD600 218 
measurements, prior to being inoculated in the center of the soft agar plates. The 219 
inoculated plates were incubated at 28oC for 48 hours before being photographed. The 220 
experiment was performed in triplicate for each strain. 221 
 222 
Computerized motion tracking of free-swimming cells. Digital movies of free-223 
swimming cells were captured using the 40X objective of a phase contrast Nikon Eclipse 224 
E200 microscope fitted with a SONY HyperHAD monochrome camera, at a rate of 30 225 
frames per second. The videos were converted to a digital format using IC Capture2 226 
software (The Imaging Source, Charlotte, NC) before being analyzed using CellTrak 1.5 227 
software (Motion Analysis, Santa Rosa, CA). Changes in swimming parameters (velocity 228 
and reversal frequency) were determined on a minimum of 75 cells, recorded from at 229 
least 2 different fields of view and 3 independent cultures. Velocity is expressed as 230 
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micrometer per second and reversal frequency as the number of swimming reversals per 231 
second and per cell.  232 
 233 
Plant Inoculation. Wheat seeds (Triticum aestivum) were surface sterilized and 234 
germinated for three days in the dark followed by an additional day in the light, as 235 
previously described (19). Fifty mL of Fahraeus medium (CaCl2, 100 mg l-1, 236 
MgSO4.7H20, 120 mg l-1, KH2PO4, 100 mg l-1, Na2HPO4, 150 mg l-1 and ferric citrate 5 237 
mg l-1) solidified with 0.6% agar was placed in a 6.5 cm diameter growth chamber. Four 238 
plantlets were placed at equal distance from each other and from the center of the growth 239 
chamber. Strains to be tested were inoculated at the center of the chamber. Eight 240 
chambers (with four plants each) were prepared per trial, yielding a minimum of 8 241 
replicates. For inoculation, strains were grown in MMAB supplemented with malate 242 
(10mM) and ammonium chloride (18.7 mM) to an OD600 of 0.5. Two mL of the culture 243 
were pelleted and washed 3 times with sterile 0.8% KCl by centrifugation and re-244 
suspended in 400 μL of sterile 0.8% KCl. Twenty μL of this suspension was inoculated 245 
into the center of the growth chamber. The number of cells in the inoculum was 246 
determined by CFU counts. For competitive root colonization assays, the strains to be 247 
compared were prepared as indicated above and mixed in a 1:1 ratio prior to inoculation 248 
into the chambers. The chambers were incubated at 25oC for 24 hours after which the 249 
plants were removed and the roots excised. The roots of the four plantlets from a single 250 
growth chamber were combined and homogenized in 5 mL 0.8% KCl followed byserial 251 
dilutions and plating on selective media to determine CFU. Root colonization was 252 
calculated as a colonization index for plants inoculated with a single strain and as a 253 
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competitive index for the plants inoculated with two strains.  The colonization index for 254 
individual strain is the Log10 (strain output/strain input), where the number of CFU 255 
extracted from roots after incubation is normalized to the CFU measured in the 256 
inoculated input. The competitive index is a ratio calculated as follows: Log10 (mutant 257 
output/wild-type output)/ (mutant input/wild-type input). 258 
 259 
Identification of chemotaxis proteins in the complete genome sequence of A. 260 
brasilense. The che1 operon organization was previously described (14). To identify 261 
other chemotaxis proteins, we used the sequences of the chemotaxis homologs reported 262 
in the genome description of A. brasilense Sp245 (10) as queries to search the genome of 263 
A. brasilense Sp7 (NCBI accession: PRJNA293508) using the BLAST server (20).  264 
 265 
Statistical analysis. For comparing wild type and mutant phenotypes (swimming speed, 266 
swimming reversals and plant colonization), we determined average values from at least 267 
three independent experiments performed in duplicates and performed one-way ANOVA 268 
(alpha level of 0.05), followed by pairwise two-sample t-tests assuming equal variances 269 
(alpha level 0.05) using Prism6 (GraphPad software Inc., San Diego, CA).  270 
 271 
RESULTS 272 
che4 mutants lack chemotaxis and aerotaxis.  Genome sequence analysis predicted that 273 
Che4 is the major chemotaxis system in A. brasilense. To test this hypothesis, we 274 
constructed strains lacking cheA4 (ΔcheA4, strain AB401), cheY4 (ΔcheY4, strain 275 
AB402) or the entire che4 cluster (Δche4, strain AB403)(Table 1) and tested their 276 
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chemotaxis and aerotaxis abilities using spatial gradient assays (Fig. 2). All mutants were 277 
motile and grew at similar rates under various media and incubation conditions (data not 278 
shown). While the ΔcheA4 mutant was null for chemotaxis and aerotaxis, the ΔcheY4 and 279 
Δche4 mutants were null for aerotaxis but displayed residual chemotaxis in the soft agar 280 
assay (Fig. 2A and 2B). Similar patterns were observed when other carbon sources were 281 
used in the soft agar assay (data not shown). The different phenotypes of some of these 282 
mutants in chemotaxis versus aerotaxis were intriguing. The discrepancy between the 283 
behavior of the ΔcheY4 and Δche4 mutants in the aerotaxis versus the chemotaxis assay 284 
could be due to the different incubation times and conditions under which these assays 285 
are conducted. The aerotaxis assay is performed using a suspension of free-swimming 286 
cells placed into a capillary tube. The aerotactic band typically forms within 2-3 minutes. 287 
The chemotaxis rings formed in soft agar plates are observed after at least 24-48 hours of 288 
growth. One possibility is that the rings observed in the soft agar plates are the result of 289 
pseudotaxis, which is a form of translocation through the agar that does not result from 290 
chemotaxis signaling; these have been reported under similar conditions in several 291 
bacterial species (21-23). The aerotaxis defects of the ΔcheA4 and ΔcheY4 could be 292 
complemented by expressing a parental gene from a broad host range plasmid but not by 293 
expressing a variant allele of cheA4 or cheY4 carrying a single mutation on the predicted 294 
phosphorylatable histidine (H54Q in CheA4) and aspartate (D57N in CheY4) residues, 295 
respectively (Fig. 2C and 2D). These data indicate that conserved phosphorylatable 296 
residues on CheY4 and CheA4 must be present for signaling to occur, suggesting that a 297 
phosphorylation cascade between CheA4 and CheY4 triggers changes in the direction of 298 
flagellar rotation to cause swimming reversals. Together, these results identify CheA4 as 299 
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the major histidine kinase mediating aerotaxis and chemotaxis in A. brasilense and they 300 
further suggest that signaling from Che4 plays a major role in controlling the changes in 301 
the direction of flagellar rotation during swimming reversals. 302 
 303 
The signaling output from Che4 is the control of the swimming reversal frequency. 304 
As indicated above, the formation of chemotaxis rings in the soft agar assay and of the 305 
aerotaxis bands in the capillary assay are not identical behaviors. The ultimate signaling 306 
output of a bacterial chemotaxis pathway is the control of the swimming motility pattern 307 
by affecting the probability of reversals. In other words, mutants unable to chemotax are 308 
expected to either constantly run or constantly reverse swimming direction. We assessed 309 
the swimming motility patterns of the Δche4, the ΔcheA4 and, the ΔcheY4 mutants under 310 
steady state conditions (Fig. 3A). The wild type strain swam with long runs interrupted 311 
by instances of reversals that occurred with an average probability of about 0.5 reversal/s 312 
(Fig. 3B). Compared to the wild type, mutants lacking CheA4 swam in straight runs and 313 
did not reverse (Fig. 3A and 3B). The ΔcheY4 mutant had a surprisingly different 314 
phenotype from the ΔcheA4 mutant in that it also swam with fewer instances of reversals 315 
compared to the wild type strain (Fig. 3A and 3B) but it clearly was still able to reverse 316 
swimming direction (Fig. 3A). The strain lacking the che4 cluster (Δche4) displayed a 317 
frequency of reversals that was not significantly different from that of the wild type strain 318 
(0.6 reversal/s) (Fig. 3A and 3B). Analysis of free-swimming cells of the Δche4 strain 319 
also revealed a significantly erratic (‘jiggly”) motility pattern (Fig. 3A). This analysis 320 
thus confirms that CheA4 is essential for the cells to reverse swimming direction. The 321 
lack of CheY4 or Che4 severely impaired, but did not eliminate the ability of cells to 322 
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reverse while lack of CheA4 completely abolished it, indicating that CheY4 (and thus 323 
Che4) has a major, but not unique role in this behavior. 324 
 325 
Che1 and Che4 together contribute to regulating the swimming pattern. The distinct 326 
swimming pattern of the ΔcheY4 and Δche4 strains compared to the ΔcheA4 was 327 
unexpected since all three strains should display the same phenotype if the signaling 328 
output of the Che4 pathway is the control of swimming reversals. Che1 controls changes 329 
in swimming speed during chemotaxis and previous data have suggested that signaling 330 
from Che1 and from the pathway affecting swimming reversals functionally interacted (6, 331 
24). Therefore, we hypothesized that Che1 may be responsible for the residual swimming 332 
reversal ability of the ΔcheY4 and the Δche4 mutants. To test this possibility, we 333 
constructed strains lacking both che1 and che4 (Δche1Δche4; strain AB143), both cheA1 334 
and cheA4 (ΔcheA1ΔcheA4; strain AB141) and both cheY1 and cheY4 (ΔcheY1ΔcheY4; 335 
strain AB142) (Table 1) and analyzed their swimming patterns (Fig. 3C). We found that 336 
mutating cheY1 and che1 in the ΔcheY4 and Δche4 mutant backgrounds yielded cells 337 
unable to reverse swimming direction, similar to the motility pattern observed for the 338 
ΔcheA4 strain or, as expected, for the ΔcheA1ΔcheA4 strain (Fig. 3B and 3C). Disabling 339 
Che1 in the Δche4 mutant (strain AB143) background also abolished the erratic 340 
swimming behavior of the Δche4 strain, suggesting that signaling from Che1 caused this 341 
behavior (Fig. 3B and 3C). The Δche1Δche4 mutant strain and, to a lesser extent, the 342 
ΔcheA1ΔcheA4 strain also persisted and swam in circles close to the surface of the 343 
coverslip (Fig. 3C). This behavior has been associated with smooth swimming close to 344 
surfaces in E. coli (25, 26) and is thus consistent with the lack of swimming reversals in 345 
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these strains. However, we do not know why this behavior is more preeminent in these 346 
two mutants but not in the ΔcheY1ΔcheY4 strain. Since Che1 affects the swimming 347 
speed, we also analyzed this motility parameter for mutants lacking che4 genes alone or 348 
in combination with mutations in che1 genes. We found that only the ΔcheA4 and the 349 
Δche4 mutants had a small, but significant, reduction in steady-state swimming speed 350 
compared to the wild type strain (Fig. 3B). This phenotype was absent in the 351 
ΔcheA1ΔcheA4 and Δche1Δche4 strains, implicating Che1 in the reduced swimming 352 
speed. These results suggest that it is the combination of reduced swimming speed while 353 
maintaining the ability to reverse that caused the erratic swimming pattern of the Δche4 354 
mutant strain (Fig. 3A). Together, the data confirm the role of Che1 and Che4 in 355 
regulating the motility patterns of swimming cells and in chemotaxis. They also provide 356 
further support to the hypothesis of a functional signaling interaction between Che1 and 357 
Che4. 358 
 359 
The aerotactic advantage of coordinated regulation of swimming speed and 360 
reversals. We wondered what could be the advantage for A. brasilense cells in using two 361 
distinct chemotaxis signaling systems regulating two different parameters of swimming 362 
motility to modulate taxis responses. Che1, via signaling through CheY1 (6) regulates 363 
transient increases in swimming speed. Che4, via signaling through CheY4, controls 364 
reversals, as shown here. We hypothesized that a transient increase in the swimming 365 
speed that would accompany a suppression of swimming reversals during response to an 366 
attractant would enhance the net movement of cells in this gradient. To test this 367 
hypothesis, we compared aerotaxis in a spatial gradient assay of the wild type strain with 368 
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that of its ΔcheY1 and ΔcheY4 mutant derivatives in a time course experiment (Fig. 5). As 369 
expected, the ΔcheY4 strain did not form an aerotactic band although cells were fully 370 
motile. The wild type strain started forming an aerotactic band after 90 seconds and a 371 
stable aerotactic band was formed by 150 sec. The initiation of the aerotactic band took 372 
almost twice as much time for the ΔcheY1 strain, which formed a stable aerotactic band at 373 
300 sec post-inoculation in the capillary tubes. This delay in the formation of the 374 
aerotactic band by the ΔcheY1 cells relative to the wild type strain was consistent. These 375 
results suggest that the control of swimming speed by Che1 enhances the response of A. 376 
brasilense cells to a gradient of a major attractant, oxygen. 377 
 378 
Che4 control plant association. The major role of Che4 in controlling chemotaxis and 379 
the swimming pattern suggested it should also play a significant role in the ability of cells 380 
to colonize the roots of cereals, such as wheat, a common host plant for A. brasilense. 381 
When inoculated alone to sterile wheat plants, the wild type and its Δche4 mutant 382 
derivative were able to colonize sterile wheat roots (Fig. 6A), but the mutants did so at a 383 
relatively reduced level compared to the wild type. Given that chemotaxis provides 384 
bacteria with a competitive advantage, we hypothesized that the colonization defects of 385 
the mutants would become apparent in competition experiments against the wild type 386 
strain and thus compared the competitive index of the Δche4 mutant when inoculated at a 387 
1:1 ratio with the wild type strain (Fig. 6B).  The competition experiments showed that 388 
lack of che4 significantly impaired the competitive ability of the strains for colonization 389 
of the wheat root surfaces, confirming the major role of this pathway in the lifestyle of A. 390 




Experimental evidence shows that Che4 signaling controls swimming reversals in 394 
A. brasilense and that it is the major pathway for all taxis responses in this species. As 395 
expected from its major function in regulating chemotaxis responses, Che4 is essential 396 
for competitive root surface colonization in A. brasilense. The A. brasilense Che4 397 
pathway is orthologous to the major pathway controlling all chemotaxis responses in S. 398 
meliloti (27, 28) and R. leguminosarum (23) where this chemotaxis system is also 399 
essential for plant root colonization. Che4 is present in the genomes of all Azospirillum 400 
strains sequenced to date (7-9), but absent from the phylogenetically related aquatic R. 401 
centenum (10). In R. centenum, the Che1 chemotaxis system controls all chemotaxis 402 
responses (13) while its homolog in A. brasilense (Che1) controls swimming speed (6). 403 
Furthermore, mutations in the A. brasilense che1 did not affect the ability to colonize the 404 
surface of wheat roots, indicating that this pathway does not contribute to the rhizosphere 405 
lifestyle of this organism (19). Lateral gene transfer (LGT) is considered a major driving 406 
force in the evolution of prokaryotes, including the acquisition of functions for adaptation 407 
to new niches (29).  The A. brasilense Che4 pathway was previously identified as one of 408 
the functions acquired by LGT by the ancestors of Azospirillum spp. that were proposed 409 
to have contributed to the adaptation to the rhizosphere (10). The role for Che4 in root 410 
surface colonization characterized here is thus consistent with this hypothesis. Che4 is a 411 
representative of the F7 class of chemotaxis systems (3) that was shown to be enriched in 412 
rhizosphere bacterial communities relative to those found in soil (2). The F7 chemotaxis 413 
systems such as the A. brasilense Che4 may thus be advantageous in this environment. 414 
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However, the specific competitive advantage(s) that signaling via such a chemotaxis 415 
pathway provides remains to be identified.   416 
The acquisition of Che4 by LGT in the ancestor of Azospirillum spp. did not 417 
cause Che1 to lose its function in chemotaxis. Indeed, our results indicate that both Che1 418 
and Che4 have a role in the regulation of the swimming pattern of motile A. brasilense 419 
cells and thus chemotaxis. However, the contribution of Che1 and Che4 to this behavior 420 
is significantly different. As shown previously (6) and in the present study, Che1 controls 421 
transient increases in swimming speed while Che4 controls the probability of swimming 422 
reversals and plays a major role in all taxis responses. Our data indicate that signaling via 423 
Che4 controls most swimming reversals with Che1 modulating this behavior via direct 424 
effects on speed. This is in contrast to the role of two chemotaxis pathways in R. 425 
sphaeroides, a bacterial species that has been extensively studied in this respect (30). 426 
Two chemotaxis systems, named CheOp2 and CheOp3, are implicated in the control of 427 
chemotaxis in motile R. sphaeroides and the signaling output from both chemotaxis 428 
pathways controls stops in the rotation of flagellar motors (31, 32). Consistent with a 429 
single signaling output, inactivation of either CheOp2 or CheOp3 abolishes chemotaxis in 430 
R. sphaeroides. This is because both signaling pathways ultimately affect the activity of a 431 
common set of CheY response regulators that bind the flagellar motors to stop their 432 
rotation (33, 34). This is in contrast with the results obtained here for A. brasilense that 433 
suggest that signaling output from both Che1 and Che4, likely mediated via CheY1 (6) 434 
and CheY4, respectively, alters different parameters of flagellar motor activity. The 435 
control of chemotaxis by two Che pathways in A. brasilense thus illustrates a distinct 436 
strategy by which signaling input from multiple Che pathways regulates chemotaxis.  437 
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Several lines of experimental evidence also support the hypothesis of signal 438 
integration via functional interaction between Che1 and Che4. First, inactivation of 439 
cheA4 completely suppressed reversals and it also caused the cells to swim at a reduced 440 
speed compared to the wild type strain (24, 35). Second, strains lacking CheY4 or Che4 441 
function were significantly impaired but not null for chemotaxis unless cheY1 or che1, 442 
respectively, were also deleted. The discrepancy between the swimming speed phenotype 443 
of the ΔcheA4 and ΔcheY4 strains indirectly supports the hypothesis of functional 444 
interaction between Che1 and Che4 because a ΔcheA1 strain, but not a ΔcheY1 strain also 445 
swam at a slower speed than the wild type A. brasilense (6). The lack of observable 446 
swimming speed defects in strains lacking CheY1 or CheY4 could either result from 447 
functional redundancy between CheY1, CheY4 and any of the 5 other CheY homologs 448 
encoded in the genome (10) or some other unidentified interactions between Che1 and 449 
Che4 proteins. The mechanism by which signaling from Che1 and Che4 is integrated to 450 
affect swimming speed and reversals remains to be elucidated but previous data 451 
suggested that chemotaxis receptors and adaptation proteins may be involved in this 452 
process (11, 35). This was also suggested for the role of Che1 and Che2 in Rhizobium 453 
leguminosarum bv. viciae chemotaxis (23) and demonstrated as an existing mechanism in 454 
R. sphaeroides (31, 32).                             455 
Increased swimming speed during chemotaxis provides an advantage for marine 456 
bacteria in the exploitation of transient sources of nutrients in the oceans (36). Like the 457 
ocean, the soil is a heterogeneous environment characterized by plethora of nutrient 458 
gradients that change rapidly in space and time (37). In contrast to the ocean, the soil is 459 
less limiting in many essential nutrients and as a result, it harbors abundant and diverse 460 
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microbial communities (38). Oxygen may be particularly limiting in the rhizosphere 461 
where microbial cell densities and microbial activities are greatest (39, 40), making 462 
oxygen a potential modulator of microbial activities and competition in this environment. 463 
Consistent with this hypothesis, a major chemotaxis receptor for sensing oxygen and 464 
other metabolism-related parameters is critical for the ability of A. brasilense to colonize 465 
the wheat root surface (41). Results obtained here suggest that A. brasilense derives an 466 
aerotactic advantage from increased swimming speed, which is expected to be significant 467 
in the competitive environment of the rhizosphere. The additive roles of two chemotaxis 468 
systems controlling distinct motility parameters illustrated here by the A. brasilense Che1 469 
and Che4 suggest a potential benefit that the control of chemotaxis by two (or more) 470 
pathways provide motile bacteria in a competitive environment. Given the ubiquitous 471 
distribution of multiple chemotaxis pathways in the genomes of rhizosphere bacteria, we 472 
expect this strategy to be widespread. 473 
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Table 1.  Strains and plasmids used in this study. 630 
 631 
Strain or plasmid   Genotype, relevant characteristics  632 
 Reference or Source 633 
 634 
 Strains 635 
  Azospirillum brasilense 636 
      Wild type   Wild type strain (Sp7)   ATCC29145 637 
      AB101   Δ(cheA1)::gusA-Km (Kmr)   (24) 638 
      AB102   Δ(cheY1)::Km (Kmr)    (24) 639 
      AB103    Δ(cheA1-cheR1)::Cm (Cmr)   (24) 640 
      AB401   Δ(cheA4)::Gm(Gmr)    This work 641 
      AB402    Δ(cheY4)::Cm(Cmr)    This work 642 
      AB403   Δ(cheX4-cheD4):: Gm(Gmr)   This work 643 
      AB141   Δ(cheA1)Δ(cheA4) 644 
::gusA-Km (Kmr), Gm(Gmr)   This work 645 
      AB142   Δ(cheY1)Δ(cheY4) 646 
:: Km (Kmr), Cm(Cmr)   This work 647 
      AB143   Δ(che1)Δ(che4)  648 
:: Cm (Cmr), Gm(Gmr)   This work  649 
   Escherichia coli 650 
      TOP10   General cloning strain    Invitrogen 651 
      S17-1   thi endA recA hsdR with  652 
RP4-2Tc::Mu-Km::Tn7   (42) 653 
    integrated in chromosome 654 
 655 
Plasmids 656 
      pRK415   Cloning vector (Tcr)     (43) 657 
      pRK-cheA4  pRK415 containing cheA4   This work 658 
      pRK-cheA4H54Q     pRK415 containing cheA4   This work 659 
    with mutation replacing residue   This work 660 
  29
H54 to Q 661 
      pRK-cheY4  pRK415 containing cheY4   This work 662 
      pRK-cheY4D57N  pRK415 containing cheY4   This work 663 
    with mutation replacing residue  664 
D57 to N 665 
  666 
       pSUP202                   Suicide vector, pBR325 mob    (42) 667 
Tcr Ampr Cmr                             668 
       pSUPΔcheA4::Gmr       This work 669 
       pKGmobGII                  Kmr, mobilizable suicide vector                        670 
       pKGΔcheY4::Cmr        671 
       p34S-Gm                       ori ColEI Ampr Gmr cassette   (44) 672 
       p34S-Cm           ori ColEI Ampr Cmr cassette   (44) 673 
       pUC19         (45) 674 
       pSUPPOL2SCA           Derivative of pSUP202, oriT of RP4, Tcr (17) 675 




Figure Legends 680 
FIG 1 Chemotaxis gene clusters encoded within the A. brasilense genome. 681 
Boxes represent open reading frames and are drawn to scale. The chemotaxis genes 682 
within each cluster were either previously characterized or identified by homology 683 
searches, as detailed in the text. RR: response regulator; HK: histidine kinase; mcp: 684 
methyl-accepting chemotaxis protein. 685 
 686 
FIG 2 Taxis behaviors of A. brasilense and its che4 mutant derivatives. 687 
(A) Chemotaxis in the soft agar plate assay containing malate (10 mM) and ammonium 688 
chloride (18.7 mM) as carbon and nitrogen sources, respectively. The strains tested are 689 
indicated at the top of each plate. The pictures were taken after 48 h incubation at 28oC. 690 
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Representative images from at least 5 different assays are shown. (B) Aerotaxis in the 691 
spatial gradient assay. The air gradient is established by diffusion, in the direction 692 
indicated by the arrow, into the capillary tubes filled with a suspension of motile cells. 693 
The images were taken 5 minutes after placing the cells in the capillary tubes. (C) 694 
Functional complementation of the aerotaxis defects of the ΔcheA4 mutant (C) and of the 695 
ΔcheY4 mutant (D) in the capillary assay for aerotaxis. The photographs were taken 10 696 
min after placing the suspension of motile cells in the capillary tubes. The plasmids 697 
carried by the strains are derivatives of the broad host range pRK415. The aerotaxis 698 
defect of the ΔcheA4 mutant strain is rescued by expressing a wild type CheA4 but not 699 
CheA4H54Q (C). Similarly, the aerotaxis defect of the ΔcheY4 mutant strain is rescued by 700 
expressing a wild type CheY4 but not CheY4D57N (D). In panels B, C and D, the number 701 
of cells was equivalent in all tubes and all strains were motile. The formation of a stable 702 
band of motile cells is indicated by *. 703 
 704 
FIG 3 Swimming behavior of A. brasilense wild type and mutant derivatives lacking 705 
che4 genes or lacking a combination of che4 and che1 genes.  706 
(A) Tracks of free swimming cells of A. brasilense and its che4 mutant derivatives. The 707 
tracks were obtained from digital recordings and computerized motion analysis.  708 
Representative tracks are shown. The arrows point to instances of swimming reversals. 709 
(B) Reversals were determined by computerized motion analysis, from tracks of at least 710 
75 free-swimming cells, from 3 independent cultures. The results shown are the average 711 
numbers of swimming reversals per second for each strain analyzed, with standard 712 
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deviation. Statistically different values compared to the wild type strain (t-test; p<0.05) 713 
are indicated by *. The probability of reversals of the ΔcheA1, ΔcheY1 and Δche1 mutant 714 
strains under similar conditions were previously published (24) and corresponded to 0.41 715 
+ 0.1 reversal/s, 0.37 + 0.04 reversal/s and 0.46 + 0.05 reversal/s, respectively. (C) 716 
Tracks of free swimming cells of A. brasilense and its derivatives lacking both che1 and 717 
che4 genes. The tracks were obtained from digital recordings and computerized motion 718 
analysis (CellTrack). Representative tracks are shown. The arrows point to instances of 719 
swimming reversals.  720 
 721 
FIG 4 Swimming speed of free-swimming cells of A. brasilense wild type and its 722 
mutant derivatives lacking che4 genes or lacking a combination of che4 and che1 723 
genes.  724 
The values showed are averages of swimming speed determined by motion tracking of at 725 
least 75 cells, from three independent cultures, with standard deviation. Statistically 726 
different values compared to the wild type strain (t-test; p<0.05) are indicated by *. The 727 
swimming speeds of the ΔcheA1, ΔcheY1 and Δche1 mutant strains under similar 728 
conditions were previously published (35) and corresponded to 22 + 1 μm/s, 31 + 3 μm/s 729 
and 28 + 2 μm/s, respectively. 730 
 731 
FIG 5 Time course of aerotactic band formation in A. brasilense wild type, its 732 
ΔcheY1 and its ΔcheY4 mutant derivatives.  733 
  32
Cell suspensions adjusted to equivalent numbers were placed in the capillary tubes and 734 
recording, shown at the upper left of each panel, was started immediately (t=0). All cells 735 
were motile throughout the experiments. Representative images are shown. 736 
 737 
FIG 6 Role of Che4 in the A. brasilense root surface colonization of wheat. 738 
(A) The colonization index was determined from A. brasilense and its Δche4 mutant 739 
derivative inoculated alone to sterile wheat plantlets and was calculated as Log10 (strain 740 
output/strain input), where the number of CFU extracted from roots after incubation is 741 
normalized to the CFU measured in the inoculated input. The dots represent the 742 
colonization index for a set of four plants (one growth chamber) inoculated with the 743 
strain indicated, horizontal bars represent the mean and the vertical lines are the standard 744 
deviation. The broken gray horizontal line represents a colonization index of 1, indicating 745 
that all inoculated cells are recovered from the plant root surface. The index is > 1 for 746 
Sp7 likely because of growth on the roots. The colonization index of the wild type and 747 
the Δche4 were statistically significant (t-test; p<0.0001). (B) The competitive index was 748 
determined as the ratio of the mutant to the wild type recovered from roots after being 749 
inoculated at a 1:1 ratio (mutant/wild type) and calculated as Log10 (mutant output/wild-750 
type output)/(mutant input/wild-type input). The dots represent the competitive index for 751 
four plants (one growth chamber) inoculated with the strains indicated at a 1:1 ratio. The 752 
horizontal bars represent the mean and the vertical lines, the standard deviation. The 753 
broken line represents a competitive index of 1, corresponding to strains equally 754 
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